The present study investigated whether high salt intake (8%) in Dahl salt-sensitive and salt-resistant rats with and without hypertension produces a heterologous desensitization of cardiac adenylyl cyclase as observed in various types of hypertension and human heart failure. In membranes from Dahl saltsensitive rats on a high-salt diet (8%) basal, isoproterenol-, 5'-guanylylimidodiphosphate-, and forskolinstimulated adenylyl cyclase was reduced compared with the low-salt (0.4%) group and Dahl salt-resistant rats on either 0.4% or 8% sodium chloride. The activity of the catalyst was depressed, and the expression of the immunodetectable inhibitory G proteins G la was increased in Dahl salt-sensitive rats on 8% sodium chloride, whereas the density of /3-adrenergic receptors and the activity of the stimulatory G protein G sa reconstituted into G S( ,-deficient S49 eye" mouse lymphoma cell membranes were unchanged in any condition studied. We conclude that high salt intake in salt-sensitive hypertensive Dahl rats produces hypertension, cardiac hypertrophy, and heterologous desensitization of cardiac adenylyl cyclase. The latter alteration is due to an increase of G la proteins and a depressed catalyst activity of adenylyl cyclase. 
A increase in cardiac adenylyl cyclase activity after stimulation of cardiac /3-adrenergic receptors is accompanied by an increase in intracellular Ca 2+ concentration during systole, thereby increasing force of contraction.
1 ' 2 After stimulation with agonists, adenylyl cyclase desensitizes. 3 The desensitization has been suggested to protect the myocardium from sympathetic overstimulation. These desensitization mechanisms are important in a number of pathophysiological conditions and after pharmacologic interventions. In neonatal rat cardiomyocytes cultivated in norepinephrine, a downregulation of /3-adrenergic receptors and an increased expression of the inhibitory guanine nucleotide binding protein (G ia ) was observed to accompany the heterologous desensitization of adenylyl cyclase. 4 In adult rats in vivo, treatment with isoproterenol produced cardiac hypertrophy 5 ' 6 accompanied by a downregulation of /3-adrenergic receptors, 5 an increase of G ia mRNA expression, 6 and an increase of G io as judged from [ 32 P]ADP ribosylation of G ia by pertussis toxin, 5 whereas stimulatory guanine nucleotide binding protein (G so ) mRNA expression was unchanged. 6 Similar changes have been observed in the failing human heart, in which a downregulation of /3-adrenergic receptors, 7 -1 ' an increase in pertussis toxin substrates, 1216 and an increase in immunodectectable G ia proteins 15 in the presence of unchanged G so proteins 12 ' 17 accompany a heterologous desensitization of adenylyl cyclase. In patients with heart failure, the sympathetic nervous system is activated, 18 resulting in an increase of cardiac norepinephrine release 19 and increased levels of circulating catecholamines 2021 ; therefore, the increased /3-adrenergic drive imposed on the failing human myocardium has been suggested to play a central role in the genesis of heterologous adenylyl cyclase desensitization. 81518 However, these studies were performed in myocardium from patients with severe heart failure, and thus it remains unclear whether similar changes in the G protein-adenylyl cyclase complex occur also in hypertrophy, an adaptive process to reduce wall stress when an increase in pressure load is imposed on the myocardium, for instance, by the development of hypertension. Several reports are in favor of this suggestion. In experimental models of acquired hypertension and hypertrophy, a desensitization of adenylyl cyclase was observed. 2225 Recently, we reported an increase of G io without changes of the /3-adrenergic receptors in rats with renal hypertension (one-kidney, one clip [1K1C]), with reduced renal mass, and after treatment with deoxycorticosterone acetate (DOCA) plus sodium chlo-ride. 25 Similarly, in an experimental model of genetic hypertension, the spontaneously hypertensive rat (SHR), desensitization of cardiac adenylyl cyclase activity was accompanied by a small decrease (20% to 30%) of ^-adrenergic receptors 2628 and an increase of G m mRNA expression 29 as well as G 10 28 Thus, a desensitization of cardiac adenylyl cyclase activity appears to be a common feature of the hypertrophied myocardium in acquired and genetic forms of hypertension. However, a genetic predisposition alone does not necessarily lead to hypertension but in certain conditions needs exogenous cofactors for the manifestion of hypertension. It is unclear whether in these types of hypertension the desensitization of cardiac adenylyl cyclase is primarily due to genetic or exogenous influences. The experimental model that appeared suitable to address this question is the Dahl salt-sensitive rat strain (Dahl S), in which hypertension develops after an increase in sodium chloride intake. The comparison of Dahl S rats with the salt-resistant strain (Dahl R) in the presence of low-and high-salt diets should allow the discrimination of genetic (Dahl R versus Dahl S) and exogenous (low-salt versus high-salt diets) factors. Therefore, we characterized adenylyl cyclase activity, Gu, proteins, /3-adrenergic receptors, and G M activity in Dahl R and Dahl S rats after a high-salt (8%) and low-salt (0.4%) diet.
Methods

Experimental Animals
Male Dahl S and Dahl R rats of the inbred J + strain were bred at the central animal laboratories of Bayer AG. The rats received a Ssnift-standard rodent chow with 0.4% or 8% sodium chloride and tap water from the age of 5 to 6 weeks. After 6 weeks on this diet, maximal blood pressures were achieved in the 8% sodium chloride group. Blood pressure was measured with the tail-cuff method according to Pfeffer et al, 30 with the last measurement taken immediately before the rats were killed. The animal experiments were approved by the institutional committee and are in accordance with guidelines for experimental research (Nordrhein-Westfalen, Germany).
Adenylyl Cyclase Determinations
Paniculate washed membrane fractions (10 OOOg sediment) were prepared from homogenates of rat hearts. Adenylyl cyclase activity was determined in a reaction mixture containing 50 ^mol/L ["PJa-ATP (approximately 0.3 fid per 100 juL), 50 mmol/L triethanolamine-HCl, 5 mmol/L MgCl 2 , 100 Atmol/L EGTA, 1 mmol/L 3-isobutyl-l-methyl-xanthine, 5 mmol/L creatine phosphate, 0.4 mg/mL creatine kinase, and 0.1 mmol/L cyclic adenosine monophosphate (cAMP) at pH 7.4 in a final volume of 100 fiL. The mixture was preincubated for 5 minutes at 37°C. The incubation time was 20 minutes at the same temperature. Reactions were stopped by the addition of 500 fiL of 120 mmol/L zinc acetate. After centrifugation for 5 minutes at 10 OOOg, 0.8 mL of the supernatant was applied on neutral alumina columns equilibrated with 0.1 mmol/L Tris-HCl, pH 7.5. The effluent was collected, and 
Radioligand Binding Studies
Assays were performed in a total volume of 250 JAL incubation buffer (50 mmol/L Tris-HCl, 10 mmol/L MgCl 2 , pH 7.4). The incubation was carried out at 37°C for 60 minutes. These conditions allowed complete equilibration of the receptors with the radioligand. The reaction was terminated by rapid vacuum filtration through Whatman GF/C filters, and filters were immediately washed three times with 6 mL each of ice-cold incubation buffer. All experiments were performed in triplicate. Myocardial £-adrenergic receptors were studied using [ 
Immunoblotting Techniques
Immunoblotting techniques were performed according to Gierschik et al. 32 Retinal transducin a was purified from bovine rod outer segments as described elsewhere. 33 - 34 The poryclonal antiserum (DS 4) was raised in rabbits against the C-terminal decapeptide of retinal transducin o (KENLKDCGLF) coupled to keyhole limpet hemocyanine as described by Goldsmith et al. 33 The antiserum recognized G^ and Gi^ and only weakly or not Go,, and G^ (not shown). Blots were stained with an alkaline phosphatase-labeled goat anti-IgG antiserum.
Iodination of KENLKDCGLF Peptide
The C-terminal synthetic peptide was iodinated by conjugation to the 125 I-labeled acylating agent jV-succinimidyl 3-(4-hydroxy, 5-[ 125 I]iodophenyl) propionate according to Bolton and Hunter. 35 The iodinated peptide was purified by chromatography on a Sep-Pak C 18 cartridge (Waters Chromatography, Konigstein, Germany). In brief, the iodination mixture (1 mL diluted in 0.1% [vol/vol] trifluoroacetic acid in water) was applied to the cartridge, which had been equilibrated before with 5 mL of 0.1% (volA'ol) trifluoroacetic acid in water. After a wash with 5 mL of 0.1% (volA'ol) trifluoroacetic acid in water, the peptide was eluted from the matrix with a step gradient (10 steps, 1 mL each) starting with 0.1% (volA'ol) trifluoroacetic acid in water and ending with 0.1% (volA'ol) trifluoroacetic acid in acetonitrile. The material present in the third peak (20% to 40% [volA'ol] acetonitrile) bound more specifically to the antiserum DS 4 than material found in the other peaks.
The fractions of the third peak containing the highest amounts of radioactivity (6.8xlO 6 cpm//iL) were combined and stored at -80°C.
Radioimmunoassay
Radioimmunoassay was performed in a final volume of 80 /xL in 3.5 mL polypropylene tubes containing 20 /xL of the radiolabeled peptide diluted to 10 000 cpm per tube in 50 mmol/L Na-phosphate buffer with 0.25% gelatin at pH 7.5, 20 /xL antiserum dilution (1:100) and 40 /xL of solubilized membranes, transducin a in 50 mmol/L Na-phosphate buffer at pH 7.5, or solubilization buffer instead of membranes. Standard curves were constructed by using 0.25 to 25 fig/mL retinal transducin a as reported previously. 31 The use of the antiserum DS 4 at a final dilution of 1:100 resulted in binding of approximately 20% of the total radioactivity. The assay was performed at 4°C for 18 hours. For precipitation of immune complexes, samples were supplemented with 30 ^L staphylococcal protein A suspension and incubated for 30 minutes on ice. The sediment was washed twice with 50 mmol/L Na-phosphate buffer and 0.25% gelatin at pH 7.5, and the adsorption of radioactivity to the final pellet was determined.
Preparation of Recombinant G Protein a-Subunits
E. coli harboring the full-length DNA of recombinant G protein a-subunits was provided by Drs Maurine Linder and Alfred G. Gilman, University of Texas, Dallas. Recombinant G protein a-subunits (rG M , rG la| j) were expressed in E. coli as described by Graziano et al 36 and Linder and Gilman. 37 Partial purification was performed according to Lin and Cheng.
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S49 Lymphoma and HL 60 Cells
S49 lymphoma cells (wild-type and eye") and HL 60 cells were grown in suspension culture in RPMI 1640 medium supplemented with 10% (vol/vol) fetal calf serum (culture volume, ^100 mL) or 10% (vol/vol) horse serum (culture volume, ^100 mL), NaHCO 3 
Reconstitution of Myocardial G la Into S49 eye' Membranes
Reconstitution assays were performed according to Sternweis et al. 39 
Miscellaneous
Protein was determined according to Lowry et al 40 using bovine serum albumin as standard. SDS-PAGE was performed as described by Lammli. 41 5'-Nucleotidase activity was analyzed with the method of Dixon and Purdom. 42 
Materials
Forskolin was donated by Dr Jurgen Metzger, Hoechst AG, Frankfurt, Germany. GTP, guanyh/limidodiphosphate [Gpp(NH)p], ATP, creatine phosphate, and creatine kinase were purchased from Boehringer-Mannheim (Germany) and isobutylmethylxanthine from EGA-Chemie, Steinheim, Germany. The ligand [ 
Statistics
Data shown are mean±SEM. Statistical significance was estimated with Student's / test for unpaired observations and analysis of variance according to Wallenstein et al. 43 A value of P<.05 was considered significant. K D values were determined graphically in each individual experiment.
Results
Blood Pressure and Myocardial Hypertrophy
As shown in Fig 1 , systolic blood pressure increased only slightly in Dahl R rats on the 8% sodium chloride diet, whereas in Dahl S rats on 8% sodium chloride, a marked increase of systolic blood pressure above 200 mm Hg developed. The development of hypertension on 8% sodium chloride was accompanied by an increase of heart weight and the ratio of heart to body weight. In contrast, in Dahl S rats on 0.4% sodium chloride and Dahl R rats on 8% sodium chloride, heart weights were only slightly increased over Dahl R rats on 0.4% sodium chloride. Blood pressure did not differ in Dahl R rats on 0.4% or 8% sodium chloride but was slightly increased in Dahl S rats on 0.4% sodium chloride. Body weights were similar in all groups.
• DAHL R 0 4% NaCI (n-11) FIG 1. Bar graphs show systolic blood pressure (top, left), body weight (top, right), heart weight (bottom, left), and ratio of heart to body weight (bottom, right) in Dahl salt-sensitive (DAHL S) and salt-resistant (DAHL R) rats on 0.4% or 8% sodium chloride diet.
Adenylyl Cyclase Activity
Concentration-response curves in Fig 2 summarize the effects of isoproterenol on adenylyl cyclase activity in cardiac membranes of Dan] S and Dahl R rats on either 0.4% or 8% sodium chloride. In Dahl R rats, the ability of isoproterenol to increase adenylyl cyclase was similar when rats were treated with 0.4% or 8% sodium chloride. In Dahl S rats, isoproterenol-stimulated adenylyl cyclase activity was reduced by approximately 50%. However, the isoproterenol effect on adenylyl cyclase was more efficacious in Dahl S rats on 0.4% sodium chloride than in Dahl R rats on either 0.4% or 8% sodium chloride. To investigate whether the reduced adenylyl cyclase in Dahl S rats on 8% sodium chloride was due to changes in the level of /3-adrenergic receptors or G proteins, we investigated the effect of the poorly hydrolysable guanine nucleotide Gpp(NH)p (Fig  3) . The effect of Gpp(NH)p was similar in Dahl R rats on 0.4% or 8% sodium chloride. As with isoproterenol, Gpp(NH)p elicited increased effects on adenylyl cyclase in Dahl S rats on 0.4% sodium chloride compared with Dahl R rats on 0.4% or 8% sodium chloride. When Dahl S rats were put on an 8% sodium chloride diet, the effects of Gpp(NH)p were markedly reduced. Thus, adenylyl cyclase activity in Dahl S rats on 8% sodium chloride was also reduced when adenylyl cyclase activity was stimulated at the level of the G proteins. Fig 4 shows the effects of forskolin, which directly stimulates the catalyst of adenyryl cyclase. 44 The effects of forskolin were similar in Dahl R rats on 0.4% or 8% sodium chloride diets. As with isoproterenol and Gpp(NH)p, the effects of forskolin on adenylyl cyclase activity were increased in Dahl S rats on 0.4% sodium chloride. When Dahl S rats were treated with 8% sodium chloride, the effect of forskolin was reduced by approximately 50%. Taken together, the results show that isoproterenol-, Gpp(NH)p-, and forskolin-stimulated adenylyl cyclase activities were reduced in Dahl S rats on 8% compared with 0.4% sodium chloride. Sodium chloride treatment had no effect on adenylyl cyclase 
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activity in Dahl R rats. The adenylyi cyclase activity of Dahl S rats on 0.4% sodium chloride was more sensitive to stimulation with isoproterenol, Gpp(NH)p, or forskolin compared with Dahl R rats of both treatment groups. These data suggest that treatment of rats with 8% sodium chloride resulted in a reduction of /J-adrenergic receptor-and G protein-regulated adenylyi cyclase activity in Dahl S rats. However, changes in the activity of the catalyst are also possible, as suggested by the reduced effect of forskolin in Dahl S rats on 8% sodium chloride. However, the effect of forskolin is influenced by guanine nucleotide-activated G proteins. 44 Thus, an experimental condition was investigated that probes exclusively the effects of forskolin on the catalyst. Manganese ions have been reported to stimulate the catalyst and uncouple it from the regulatory influence of G proteins. 4546 Therefore, basal adenylyi cyclase activity and the effects of forskolin and forskolin plus Gpp(NH)p were investigated in Dahl S and Dahl R rats under either treatment condition in the presence of MnCl 2 (see Fig 5) . In either group, forskolin stimulated adenylyi cyclase activity approximately fourfold. Gpp(NH)p plus forskolin did not alter adenylyi cyclase activity further compared with forskolin alone. This indicates that the effects of forskolin were independent of guanine nucleotide-activated G proteins and that MnCl 2 under this experimental condition completely uncouples the catalyst from G proteins. Basal adenylyi cyclase activity was similar in Dahl S and Dahl R rats on 0.4% or 8% sodium chloride. The activity of the catalyst in Dahl S rats (0.4% sodium chloride) tended to be slightly higher than in the other groups, but the difference was not statistically significant. High-salt diet did not change the activity of the catalyst in Dahl R rats when measured at basal conditions, with forskolin, or with forskolin plus Gpp(NH)p in the presence of MnCl 2 . In contrast, 8% sodium chloride reduced the activity of the catalyst in Dahl S rats. However, in the analysis of relative values, the decline of catalyst activity was less pronounced (approximately 35%) than the reduction of isoproterenol, Gpp(NH)p, or forskolin effects (approximately 50%). A general problem inherent with studies of hypertrophied myocardium is the determination of the content of true membrane proteins in the whole tissue preparations. To address this problem, we related adenylyl cyclase activity to milligrams of protein as well as to 5'-nucleotidase activity (see Table 1 ). The effects were similar when related to protein or 5'-nucleotidase activity. Taken together, the results show that a high-sodium diet reduces adenylyl cyclase activity in Dahl S but not Dahl R rats. In this experimental condition, the reduction of adenylyl cyclase activity involves the catalyst. However, because the effects of isoproterenol, Gpp(NH)p, and forskolin were relatively more reduced than the activity of the catalyst, the latter observation is conceivable with the notion that another defect is also involved.
Cardiac fi-Adrenergic Receptors
Cardiac /3-adrenergic receptors were investigated using the radiolabeled ligand [ 12S I]Cyp. Fig 6 shows the density of /3-adrenergic receptors in cardiac membranes. There was no difference in the number of /3-adrenergic receptors between Dahl S and Dahl R rats when the rats received either 0.4% or 8% sodium chloride. The antagonist affinity did not differ in either group (not shown). There was no difference when the data were related to milligrams of membrane protein or to 5'-nucleotidase activity ( Table 2 ), suggesting that changes in /3-adrenergic receptor densities do not play a role in changed adenylyl cyclase activity.
Stimulatory G Protein a-Subunits
To study the function of stimulatory G protein a-subunits, we solubilized G M from rat heart membranes and functionally reconstituted it into murine lymphoma S49 eye" cell membranes, which genetically lack G*,. (Fig 7A) . Reconstitution with G M restored the stimulatory effect of isoproterenol (B) and Gpp(NH)p (C). The ability of isoproterenol and Gpp(NH)p to stimulate adenylyl cyclase was not different when S49 eye" membranes were reconstituted with cardiac G,,, from Dahl S or Dahl R rats on the 0.4% or 8% sodium chloride diet. These findings provide evidence that the activity of the stimulatory G protein a-subunits is not impaired under either condition studied.
Inhibitory G-Protein a-Subunits
To study whether a change of expressed inhibitory G protein a-subunits contributes to the altered adenyryl cyclase activity in Dahl S rats on 8% sodium chloride, we studied G^ proteins with a radioimmunoassay. DS 4 antiserum was raised in rabbits against the synthetic C-terminus of retinal transducin a (KENLKDCGLF). Retinal transducin a was purified from rod outer segments of bovine retinas and was used for constructing standard curves. First we set out to determine which G protein a-subtype is predominant in rat myocardial membranes. Therefore, high-resolution electrophoresis on SDS gradient gels in the presence of 4 mol/L urea was performed. A typical experiment is shown in Fig 8. In rat myocardial membranes, two pertussis toxin substrates were observed. The predominant substrate was detected at 40 kD and comigrated with the 40 kD pertussis toxin substrate in HL 60 cells and human heart known to represent Gi^. 15 The band at 41 kD probably represent G^ but was very faint, suggesting that only traces of this G protein a-subunit are present in rat myocardial membranes. In addition, this substrate comigrated with recombinant G^ isolated from E. colL The antiserum DS 4, used to radioimmunochemically quantify G| O protein, recognized the recombinant asubunit rG^ and rG^. Therefore, the predominant Gŝ ubtype was quantified by the following experiments. and Dahl R rats, treatment with an 8% sodium chloride diet increased G,,, by approximately 25% compared with the 0.4% sodium chloride groups (F<.05). In Dahl S rats, the amount of G| <, was approximately 50% higher than in Dahl R rats in either treatment group (P=.O1). Taken together, the results show that the immunodetectable amount of G ta proteins was increased in Dahl S compared with Dahl R rats. A high sodium intake increased Gp roteins in either group. Another frequently used technique to quantify G,,, proteins is the pertussis toxin-induced ADP ribosylation of a cysteine residue at the fourth position from the C-terminus. 47 The incorporated radioactivity of [^A D P into the 40-kD G^ proteins by pertussis toxin did not significantly differ. The mean values followed the same trend as the changes in the immunodetectable G^ proteins. However, none of the differences were significant (not shown). Taken together, the results show that, although mean values of pertussis toxin substrates followed the same trend as the immunochemical amount of G protein a-subunits, the former technique failed to demonstrate a significant increase of G,,, in Dahl S rats and in the group on the 8% sodium chloride diet Discussion A high salt diet produced cardiac hypertrophy due to an increase of arterial blood pressure accompanied by a heterologous desensitization of adenylyl cyclase in Dahl S rats, whereas it had no effect on adenyryl cyclase activity in Dahl R rats. The desensitization in Dahl S rats on 8% sodium chloride is due to an increase of inhibitory G protein a-subunits and an apparently dysfunctional catalyst of adenylyl cyclase. A slight but significant increase of immunodetectable G^ was also observed in Dahl R rats on 8% sodium chloride versus Dahl R rats on 0.4% sodium chloride and in Dahl S rats on 0.4% sodium chloride versus Dahl R rats on 0.4% sodium chloride. However, no differences in adenylyl Representative autoradiographs show pertussis toxin-catalyzed pPJADP ribosylation of G protein o^subunits in HL 60 cell membranes, human and rat cardiac membranes, and recombinant G protein a-subunits (rGia1-3, rGoa). Samples (HL60: 6 figflane, human heart: 10 /ig/lane, rat heart: 100 /ig/lane) were [^PJADP-ribosylated with pertussis toxin plus "P-NAD and were separated by sodium dodecyl sulfate-10% polyacrylamide gel electrophoresis in the presence of a gradient of 4 to 8 mol/L deionized urea. Exposure time was 2 hours.
cyclase activity were observed among these groups. Adenylyl cyclase activity was increased in Dahl S rats on 0.4% sodium chloride versus all other groups. The number of /J-adrenergic receptors and the activity of the G M as judged from reconstitution experiments into S49 eye" membranes did not differ significantly in either condition. Although the immunodetectable amount of G la proteins was different in the groups, pertussis toxin labeling did not show any significant differences.
The activity of adenylyl cyclase is dually regulated by stimulatory and inhibitory receptors and G proteins. urified from bovine brain. In membranes from the Dahl R strain, it appeared that slightly less G,,, was detected than in Dahl S membrane, particularly when rats were held on 0.4% sodium chloride.
the formation of cAMP from ATP. 47 - 48 Conversely, adenylyl cyclase activity is under inhibitory control of the inhibitory guanine nucleotide binding protein (Gj3y) that couples M 2 -muscarinic receptors and A r adenosine receptors to the adenylyl cyclase. 47 This family of G, proteins is substrate for the ADP ribosyltransferase activity of pertussis toxin, which ADP-ribosylates a cysteine residue at the fourth position from the C-terminus. 47 Pertussis toxin-induced ADP ribosylation of Gu, produces an uncoupling of receptors from the G-protein. 47 Because in pertussis toxin-treated cells 49 and membranes 12 the adenyfyl cyclase activity is increased, Gi,, might possess a functional role in directly regulating adenylyl cyclase activity. After prolonged stimulation of receptor-regulated adenylyl cyclase with agonists, the adenylyl cyclase becomes desensitized. 50 In explanted human hearts from patients with terminal heart failure, a downregulation of /J-adrenergic receptors with a concomitant reduction in positive inotropic responses to /J-adrenergic receptor agonists 711 and cAMP-phosphodiesterase inhibitors 101 '-51 has been observed. These functional changes have been suggested to be due to a heterologous desensitization of adenylyl cyclase as measured by reduced basal, isoproterenol-, and Gpp(NH)p-stimulated activity.
12
- 15 On the level of the G proteins, an increase in G^, 12 -16 was observed, whereas G B was unchanged as measured immunochemically 52 as well as with functional reconstitution into S49 cyc~ cells 12 or with cholera toxin labeling.
- 17 These findings showed that in heart failure heterologous desensitization is due to a reduction of myocardial £-adrenergic receptors and an increased expression of Gu,.
Cardiac hypertrophy due to increased pressure load by hypertension is a compensatory mechanism to reduce wall stress 53 -54 and is regarded to precede the development of heart failure. 55 - 56 Thus, the open question is whether in cardiac hypertrophy due to hypertension a similar desensitization of adenylyl cyclase occurs. Several reports are in favor of this suggestion. In SHR, a reduction of cardiac adenylyl cyclase activity has been reported to occur. 28 - 57 This desensitization was accompanied by a reduction in the number of /J-adrenergic receptors 2628 and an increase in Gu, as measured with mRNA expression, 29 pertussis toxin labeling, 28 -29 and specific antisera. 28 In the present study, we set out to investigate whether a genetic predisposition to developing hypertension, after exogenous factors such as in- 
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creased salt intake were imposed, is capable of producing a heterologous desensitization of cardiac adenylyl cyclase. In the present study, a high-salt diet produced hypertension and cardiac hypertrophy in Dahl S but not Dahl R rats. The development of hypertension and hypertrophy was accompanied by a marked reduction of isoproterenol-, Gpp(NH)p-, and forskolin-stimulated adenylyl cyclase activity in Dahl S but not Dahl R rats. This finding suggests that exogenous factors leading to hypertension might also be involved in the genesis of heterologous adenylyl cyclase desensitization. The reduced adenylyl cyclase activity in Dahl S rats on 8% sodium chloride was not accompanied by changes in the number of /3-adrenergic receptors. Unchanged numbers of /3-adrenergic receptors were obtained in renal hypertension of 1K1C rats, 2326 rats with reduced renal mass, 23 and DOCA-saJt hypertensive rats. 25 These findings show that heterologous desensitization in the rat heart with hypertensive cardiac hypertrophy of different genesis can occur without changes in /3-adrenergic receptors. Thus, the findings in these models and the Dahl S rats on an 8% sodium chloride diet (this study) contrast not only with observations in the failing human heart but also with reports on SHR in which the )3-adrenergic receptor numbers were also decreased. 26 -28 However, as in the failing human heart, 12 -17 -58 functional reconstitution of G w into S49 eye" cell membranes showed no difference in G ta activity among the groups studied.
On the cellular level, an increase of G m expression was observed in Dahl S rats on 8% sodium chloride. Similar results were obtained in SHR, in which G^ was also increased, 28 -29 as well as in renal hypertension of rats with reduced renal mass and after nephrectomy and clipping of the remaining renal artery (1K1C). However, the experiments with manganese ions, which uncouple the catalyst from the regulation of guanine nucleotide-activated G proteins, 45 -46 provided evidence that the catalytic subunit of adenylyl cyclase is also impaired in Dahl S rats on 8% sodium chloride. Similar observations have been reported for DOCA-salt hypertensive rats 25 but not for SHR, 28 1K1C rats, 25 or rats with reduced renal mass. 25 In neonatal rat myocytes cultured in norepinephrine 4 and in rats treated in vivo 5   -6 with isoproterenol, a heterologous adenylyl cyclase desensitization was accompanied by an increased expression of G,,,. Thus, it was suggested that the mechanism of the enhanced G^ expression involves the stimulation of adenylyl cyclase activity and increased cellular levels of cAMP. In this context, it is interesting that the promoter region of the G^ genes contains a conserved sequence of a cAMP-responsive element, 59 which is lacking in the G M gene. 60 In addition, in S49 eye" mouse lymphoma cells, which genetically lack G,,, (eye") or the cAMP-dependent protein kinase (kin"), a heterologous desensitization could not be induced by epinephrine. 61 Thus, a cAMP-dependent phosphorylation of a cAMPresponsive element binding protein 62 capable of activating the promoter region of the G^ gene might be involved in the transcriptional effects of cAMP on G la protein expression.
In Dahl S and R rats, structural differences in the renin gene have been observed. 63 The genetic polymorphism in the renin gene has been described to correlate closely to the blood pressure elevation in Dahl S rats SHR indicates spontaneously hypertensive rats; 1K1C, one-kidney, one dip; 2K1C, two-kidney, one clip; DOCA, deoxycorticosterone acetate; Dahl S, Dahl salt-sensitive; t , increase; and 4 , decrease.
•Compared with Dahl S on 0.4% NaCI. tWeak increase.
after an increase in sodium chloride intake. 64 In addition, with the use of the candidate gene approach, a close cosegregation of blood pressure with the homozygous occurrence of the S allele of angiotensin converting enzyme and guanylyl cyclase A as atrial natriuretic peptide receptor genes has been observed. 65 These findings strongly suggest a causative role of these candidate genes or gene loci in the close vicinity of these genes in the development of salt-induced hypertension in Dahl rats. However, in addition to or as a consequence of these genetic alterations, there are several indications for an enhanced sympathetic activity in Dahl S rats after sodium chloride loading. Although catecholamine plasma concentrations have been reported to be unchanged in Dahl S and R rats on a high-and low-salt diet, the response of plasma epinephrine concentrations to graded electrical foot shocks was greater in the high-salt than in the low salt intake group in both Dahl R and S rats. 66 In Dahl S rats, increased norepinephrine turnover was observed compared with Dahl R rats. 67 High sodium chloride intake further increased norepinephrine turnover in the atrial appendages, sinus atrial node, and renal cortex in this strain. 68 In addition to impaired cardiopulmonary baroreceptor reflex activity, 69 enhanced adrenal norepinephrine synthesis, 67 and failure to downregulate norepinephrine synthesis, sympathetic nerve activity after volume expansion with sodium chloride was observed in Dahl S rats. 70 Thus, these changes in the activity of the sympathetic nervous system -ie, an aggravation of sympathetic activity in Dahl S rats after sodium chloride exposure -might induce the heterologous desensitization of adenylyl cyclase and the increase of G io in Dahl S rats on 8% sodium chloride. However, the mechanism by which the activity of the catalyst is depressed cannot be explained at present. In addition, the increased adenylyl cyclase activity in Dahl S rats on 0.4% sodium chloride could be due to an enhanced activity of the catalyst. Furthermore, it is interesting that in Dahl S rats on 4% sodium chloride, stimulated adenylyl cyclase activity was increased despite a relative increase of G^ compared with Dahl R rats on 0.4% sodium chloride. This observation could provide evidence that an increased activity of the catalyst could overcome small increases of G 1O . Alternatively, a threshold concentration of G^ could be necessary to produce inhibitory effects on adenylyl cyclase activity. The exact mechanisms of these functional alterations have yet to be further elucidated.
In Dahl S and R rats on high or low sodium chloride, no difference in G^ was detected when pertussis toxininduced [ n P]ADP ribosylation was used to measure Gu,. Several biologic factors influence the covalent linkage of 71 ' 72 Pertussis toxin labeling is enhanced by GTP, GDP, GDP^S, and least by nonhydrolysable GTP derivatives 72 as well as by /Sy-subunits, 73 suggesting that the a/3y complex is the best substrate for the reaction. Thus, the effectiveness of [ 32 P]ADP ribosylation is dependent on the grade of or-subunit dissociation from the )3y-subunits. In addition, an endogenous ADP ribosyltransferase activity 74 as well as an endogenous inhibitor thereof 75 has been described and can influence in either direction the results obtained with this technique. The discrepancy between the pertussis toxin-labeling studies and the changes of the immunodetectable amount of G la offers the interesting possibility that G ia is posttranslationally modified, which could impair the validity of the results of studies in which only one technique is applied to quantify G» proteins.
In summary, a high-salt diet in Dahl S rats produced a heterologous desensitization of adenylyl cyclase due to an increase in G m and an impairment of the activity of the catalyst. In Dahl R rats, sodium chloride intake had no significant effect on adenylyl cyclase activity and produced only a marginal increase of Gu, proteins. The effects on adenylyl cyclase activity were not accompanied by changes in the numbers of ^-adrenergic receptors. These findings and reports from the literature suggest that alterations of the sympathetic nervous system in rats genetically prone to develop hypertension after high sodium chloride intake can reduce adenylyl cyclase activity before the development of heart failure. Thus, this depression of adenylyl cyclase activity could contribute to the development of contractile dysfunction and the progression to heart failure in later stages. The catalyst is depressed in Dahl S rats on 8% sodium chloride (this study) and DOCA-salt hypertensive rats but not in renal hypertensive rats 25 and SHR 28 ; therefore, each model has to be interpreted separately, because different alterations can occur depending on the underlying genesis of the syndrome. The similarities and discrepancies that have been observed by different groups are summarized in Table 3 , which gives data of changes in adenylyl cyclase, /J-adrenergic receptor, and G protein in various models of hypertensive cardiac hypertrophy. From the available studies, it appears most interesting that even in the absence of any changes in /3-adrenergic receptors, receptor-independent changes in the catalyst and inhibitory G protein a-subunits could play a general role in the regulation of myocardial adenylyl cyclase activity in pathological conditions such as hypertensive cardiac hypertrophy.
